Abstract Polyamine-depletion inhibited apoptosis by activating ERK1/2, while, preventing JNK1/2 activation. MKP-1 knockdown by SiRNA increased ERK1/2, JNK1/2, and p38 phosphorylation and apoptosis. Therefore, we predicted that polyamines might regulate MKP1 via MEK/ ERK and thereby apoptosis. We examined the role of MEK/ERK in the regulation of MKP1 and JNK, and p38 activities and apoptosis. Inhibition of MKP-1 activity with a pharmacological inhibitor, sanguinarine (SA), increased JNK1/2, p38, and ERK1/2 activities without causing apoptosis. However, pre-activation of these kinases by SA significantly increased camptothecin (CPT)-induced apoptosis suggesting different roles for MAPKs during survival and apoptosis. Inhibition of MEK1 activity prevented the expression of MKP-1 protein and augmented CPT-induced apoptosis, which correlated with increased activities of JNK1/2, caspases, and DNA fragmentation. Polyamine depleted cells had higher levels of MKP-1 protein and decreased JNK1/2 activity and apoptosis. Inhibition of MEK1 prevented MKP-1 expression and increased JNK1/2 and apoptosis. Phospho-JNK1/2, phospho-ERK2, MKP-1, and the catalytic subunit of PP2Ac formed a complex in response to TNF/CPT. Inactivation of PP2Ac had no effect on the association of MKP-1 and JNK1. However, inhibition of MKP-1 activity decreased the formation of the MKP-1, PP2Ac and JNK complex. Following inhibition by SA, MKP-1 localized in the cytoplasm, while basal and CPT-induced MKP-1 remained in the nuclear fraction. These results suggest that nuclear MKP-1 translocates to the cytoplasm, binds phosphorylated JNK and p38 resulting in dephosphorylation and decreased activity. Thus, MEK/ERK activity controls the levels of MKP-1 and, thereby, regulates JNK activity in polyamine-depleted cells.
Introduction
Polyamines control cell growth and differentiation by regulating proliferation, migration, and apoptosis in normal as well as in cancer cells [1] [2] [3] [4] [5] [6] [7] [8] . Ornithine decarboxylase (ODC) catalyzes the first rate-limiting step in polyamine biosynthesis, converting ornithine to putrescine. S-Adenosylmethionine decarboxylase (SAMDC) serves as a propylamine donor, which converts putrescine and spermidine into spermidine and spermine respectively [9, 10] . DFMO (a-difluoromethylornithine) inhibits ODC activity and depletes the levels of intracellular putrescine by 6 h, spermidine by 24 h, and decreases spermine up to 70 % by 96 h. Polyamine depletion prevents receptor-and genotoxic drug-induced apoptosis by preventing JNK1/2 activation. Earlier studies from our laboratory showed that increasing MEK1/ERK1/2 activity by inhibiting catalytic sub unit of protein phosphatase 2A (PP2Ac) decreased JNK1/2 activity, and protected cells from apoptosis [11, 12] . Inhibition of MEK1 by a specific inhibitor, U0126, increased JNK1/2 activity and apoptosis in response to TNF/CHX in polyamine depleted cells. These results indicated that the activity of MEK1/ERK1/2 determines the levels of JNK1/2 activity and, thereby, apoptosis. However, the mechanism by which MEK1/ERK1/2 regulates JNK activity in response to polyamine is not known.
We have shown that SiRNA-mediated knockdown of MKP-1 increased JNK1/2, and p38 activities and apoptosis in response to CPT/TNF [13] . TNF caused transient activation of ERK and JNK and that CPT-induced MKP-1 expression sustained the activity of ERK and JNK leading to apoptosis [13] . Recently, Guo et al. [14] found that inhibition of ERK activity decreased the expression of MKP-1 protein and resulted in p38 activation in Rat-1 cells. Therefore, we used CPT alone or in combination with TNF to delineate the role of ERK and MKP-1 in the regulation of JNK during apoptosis.
We predict that MEK1/ERK1/2 may regulate JNK1/2 activity via MKP-1 in polyamine dependent manner in IEC-6 cells to regulate apoptosis. We show that the activity of JNK1/2 increased while the levels of MKP-1 decreased during apoptosis. Inhibition of MKP-1 increased the levels of phosphorylated forms of JNK and p38. However, increased activity of MAPKs had minimal effect on basal apoptosis, while it augmented apoptosis induced by DNA damage and eliminated the protection conferred by polyamine depletion. Our data indicate that the expression of MKP-1 protein is regulated by the activity of MEK/ERK. Furthermore MKP-1 appears to control nuclear events associated with apoptosis, while its cytoplasmic localization and association with phospho-JNK controls apoptotic signaling in IEC-6 cells. The most important finding in this study demonstrates the formation of multi-protein signaling complex in response to apoptotic inducers.
Materials and methods

Reagents
Cell culture medium and fetal bovine serum (FBS) were obtained from Mediatech Inc. (Herndon, VA). Dialyzed FBS (dFBS) was purchased from Sigma (St. Louis, MO). Trypsin-EDTA, antibiotics, and insulin were purchased from GIBCO-BRL (Grand Island, NY). Protease inhibitors, phosphatase inhibitors, phosphate buffer saline (PBS), Dulbecco's phosphate buffer saline (DPBS), formaldehyde were obtained from Thermo Fisher Scientific Inc. (Rockford, IL). a-Difluoromethyl ornithine (DFMO) was a gift from ILEX Oncology (San Antonio, TX). TNF-a was obtained from Pharmingen International (San Diego, CA). Camptothecin (CPT) and cycloheximide (CHX) were obtained from Sigma (St. Louis, MO). Rabbit anti-JNK1/2, rabbit anti-p38, rabbit anti-phospho-ERK1/2, rabbit anti-ERK1/2, rabbit anti-cleaved-casapse-3, and mouse anti-caspase-9 antibodies were purchased from Cell Signaling (Beverly, MA). Mouse anti-actin antibody was purchased from Millipore (Billerica, MA). The rabbit anti-MKP-1 and mouse antiphospho-JNK1/2 antibodies were purchased from Santa Cruz biotechnology (Santa Cruz, CA). Alexafluor-conjugated secondary antibodies were purchased from Molecular probes (Eugene, OR). SP-600125, SB203580, and Okadaic acid (OA) were purchased from Calbiochem (La Jolla, CA). MEK inhibitor U0126 and rabbit anti-phospho-p38 was purchased from Promega (Madison, WI). Sanguinarine (SA, MKP-1 inhibitor) was obtained from Tocris Bioscience (Ellisville, MO). Microcystin Sepharose (MC-Sepharose) was purchased from Millipore (Temecula, CA). Fluorometric substrates IETD-AFC (Caspase-8), LEHD-AFC (Caspase-9), and DEVD-AFC (Caspase-3) were purchased from Biomol Research laboratories (Plymouth Meeting, PA). The Cell Death Detection ELISA Plus kit was purchased from Roche Diagnostics Corp (Indianapolis, IN). Mammalian protein extraction reagent (MPER) and the Bicinchoninic acid (BCA) protein assay reagent kit were purchased from Pierce (Rockford, IL). The RC-DC protein assay reagent kit was purchased from Bio-Rad (Hercules, CA). The ECL Western blot detection system was purchased from DuPont-New England Nuclear (Boston, MA). The IEC-6 cell line (ATCC CRL 1592) was obtained from the American Type Culture Collection (Manassas, VA) at passage 13. This cell line is derived from normal rat intestine and was developed and characterized by Quaroni et al. [15] . These cells are nontumorigenic, originate from intestinal crypt cells as judged by morphological and immunologic criteria, and retain the undifferentiated character of epithelial stem cells. Tests for mycoplasma were always negative. All chemicals were of the highest purity commercially available.
Cell culture
Stock cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 5 % heat-inactivated FBS, 10 lg/ml insulin, and 50 lg/ml gentamicin sulfate in T-150 flasks and incubated at 37°C in a humidified atmosphere of 90 % air-10 % CO 2 . Stock cells were passaged once weekly and fed three times per week, and passages 15-22 were used. During experiments setup, stock cells were trypsinized with 0.05 % trypsin and 0.53 mM EDTA and counted using a Beckman Coulter Counter (model Z1). Cells were grown in DMEM/5 % dFBS in the presence and absence of DFMO or DFMO ? putrescine (DP) to confluence for 3 days and on the 4th day were washed once with HBSS and placed in respective serum-free medium for 24 h prior to experiments.
Quantitative DNA fragmentation ELISA The protocol for quantitative DNA fragmentation ELISA was similar to that described previously [8, 12, 13] . Briefly, cells were grown in 24 well plates for DNA fragmentation ELISA assay and protein determination. Following treatment, cells were washed twice with ice-cold DPBS, followed by the addition of lysis buffer and gentle shaking for 30 min at room temperature, and centrifugation at 200 rpm to remove the nuclei. An aliquot of the nuclei-free supernatant was placed in streptavidin-coated wells and incubated with anti-histone-biotin antibody and anti-DNA peroxidase-conjugated antibody. After incubation for 2 h at room temperature, the wells were washed three times with incubation buffer. 100 ll of substrate buffer containing 2,2 0 -azino-di(3-ethylbenzthiazolin-sulfonate) were added to each well, and samples were incubated for an additional 5-10 min. Absorbance was read at 405-nm in a plate reader. Protein concentration was determined by the BCA method. Results are expressed as absorbance at 405 nm/mg protein/min.
Caspase activity
After treatment, cells were harvested for determination of caspase activity as described earlier [8, 12, 13] . Briefly, after washing twice, 750 ll of ice-cold DPBS was added to the 60 mm plate, and the monolayer was scraped and collected into a microfuge tube. The cells collected by centrifugation were lysed in 250 ll of ice-cold cell lysis buffer (50 mM HEPES, pH 7.4, 0.1 % CHAPS, 1 mM dithiothreitol (DTT), 0.1 mM EDTA). The resulting cell lysate was centrifuged at 13,0009g at 4°C for 13 min. The supernatant fraction was used to measure caspase activity. The fluorometric assay was carried out in a 96-well plate, and 20 ll of cell lysate, 80 ll of caspase assay buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1 % CHAPS, 10 mM DTT, 1 mM EDTA and 10 % glycerol) containing caspases-3, -8, or -9 fluorometric substrates at a final concentration of 18 lM were placed in each well. The plate was incubated at 37°C for 2 h. AFC release was monitored by excitation at 400 nm at an emission of 520 nm. RC-DC protein assay reagent was used to determine protein concentration. The caspase activity was calculated as relative fluorescence units (RFU) per milligram protein per hour. In order to confirm substrate cleavage specificity, caspase-3, 8 and 9 inhibitors DEVD-FMK, IETD-FMK and LEHD-FMK were added to cell lysates incubated with caspase-3, 8 and 9 substrates.
Cell lysate preparation
Cell monolayers were washed three times with ice-cold DPBS (pH 7.4) and 350 ll of MPER buffer containing protease inhibitor and phosphatase inhibitors was added to the plate. The cells were incubated on ice for 15 min, harvested using a rubber scraper, transferred to 1.5 ml microfuge tubes, centrifuged at 13,0009g at 4°C for 13 min, and supernatants were collected.
Nuclear and Cytosolic extract preparation
After treatment, cells were washed twice with 10 ml icecold DPBS containing phosphatase inhibitors. Next, cells were scraped gently with a rubber scrapper and collected into a pre-chilled 15 ml tube and spun down at 3009g for 5 min at 4°C. After discarding the supernatant, the pellet was resuspended in 1 ml ice-cold hypotonic buffer (20 mM HEPES pH 7.5, 5 mM NaF, 10 lM Na2MoO4 and 0.1 mM EDTA) by gentle mixing and transferred into a pre-chilled 1.5 ml tube. Cells were allowed to swell on ice for 15 min followed by the addition of 50 ll 10 % Nonidet P-40 (0.5 % final concentration) and homogenized. The homogenate was centrifuged for 30 s at 4°C and the supernatant was stored as the cytoplasmic fraction at -80°C. The nuclear pellet was resuspended in 50 ll complete lysis buffer, the tube was rocked gently for 30 min at 4°C, centrifuged for 10 min at 14,0009g at 4°C, and the supernatant saved as nuclear extract at -80°C. The protein concentration of the extract was determined using the BCA protein assay.
Western blot analysis 25-lg protein was dissolved in 19 SDS sample buffer. The protein samples were subjected to 10-15 % SDS-polyacrylamide gel electrophoresis and transferred to Immobilon-P membranes (Millipore, Bedford, MA). The membranes were blocked with blocking buffer (3-5 % nonfat dry milk in tris-buffered-saline containing 0.1 % Tween 20) for 2 h and incubated with the indicated primary antibodies prepared in blocking buffer overnight at 4°C. All antibodies were diluted 1:1,000 with the exception of anti-actin, 1:40,000, for western blotting. Membranes were subsequently incubated with appropriate secondary antibody conjugated to horseradish peroxidase at room temperature for 1 h, and immunocomplexes were visualized by the enhanced chemiluminescence (ECL) detection system.
Immunocytochemistry
Cells were seeded onto coverslips coated with poly-Llysine and grown as described earlier [4] . After being treated, cells were fixed with 3.7 % formaldehyde for 15 min, permeabilized with 0.1 % Triton X-100 in PBS for 10 min, and washed with PBS. Coverslips were blocked with 2 % BSA in PBS for 20 min and then incubated with primary antibody (MKP-1) for 2 h. Coverslips were then washed with 0.1 % BSA in PBS for 20 min, followed by a 2 h incubation with an appropriate fluorescent dye-conjugated secondary antibody. Coverslips were mounted on glass slides and observed using a Nikon Eclipse 80i UV epifluorescence microscope.
Statistics
All experiments were repeated three times (n = 3). Data were expressed as mean ± SE. Experiments involving Western blots were performed three times with similar results, and a representative blot is shown. ANOVA with appropriate post hoc testing was used to determine the significance, and the Student's t test was performed to determine the significance of the differences between means. p \ 0.05 was regarded as statistically significant.
Results
Effect of CPT on MKP-1, ERK1/2 and JNK1/2 activity MKP-1 dephosphorylates p-JNK and p-p38 and regulates growth and apoptosis [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . We have shown that the knockdown of MKP-1, using SiRNA, increased TNF/CPTinduced JNK activity and apoptosis in IEC-6 cells [13] . In the current study, we examined the time course of MKP-1 induction and its correlation with the activation of JNK1/2, ERK1/2, and p38. MKP-1 protein levels increased at 3 h in response to CPT (20 lM) compared to untreated cells and then decreased gradually to basal levels by 9 h (Fig. 1a) . The decrease in MKP-1 correlated with increased JNK1/2 activity (Fig. 1a) . However, ERK activity remained higher during the entire treatment period (Fig. 1a) . CPT increased apoptosis as measured by DNA fragmentation in a time dependent manner (Fig. 1b) , which correlated with decreased MKP-1 and increased JNK activity (Fig. 1a) . These results indicate that decreased MKP-1 protein and, thereby, activity might control JNK1/2 activity during apoptotic signaling. Interestingly, MKP-1 protein showed two bands: the higher molecular weight form (upper band) changed in a time dependent manner, while the lower molecular weight form (lower band) did not change during apoptosis suggesting post-translational modification of MKP-1 protein. We have shown that the enzymatic activity of MKP-1 decreases in response to apoptotic stimuli [13] .
Sanguinarine (SA), an irreversible inhibitor of MKP-1 activity leads to the accumulation of inactive enzyme. This increased the phosphorylated forms of JNK1/2, ERK1/2, and p38 several-fold in a time dependent manner over those seen in untreated cells (Fig. 2a) . MKP-1 protein levels began to increase after 2 h and peaked at 3 h in control and in the DFMO ? PUT group in response to SA. However, in polyamine-depleted cells (DFMO group) the increase was noted earlier (1.0 h), and the levels of MKP-1 protein remained higher compared to the control group. Phosphorylated MEK1/ERK1/2 and JNK1/2 levels were higher in polyamine-depleted cells and began to increase earlier compared to those seen in control and DFMO ? PUT groups. Addition of putrescine along with DFMO (DP group) prevented the effects of polyamine depletion on MKP-1 protein, and the activities of MAPKs were similar to those in the control group (Fig. 2a, right panel) . Cells a Confluent serum starved cells grown as described in the methods were left untreated (UT) or exposed to CPT (20 lM) for the indicated time intervals. Whole cell extracts (25 lg) were subjected to 10 % SDS-PAGE followed by western blot analysis to detect MKP-1, and phosphorylated JNK1/2 (p-JNK1/2) and ERK1/2 (p-ERK1/2) using specific antibodies. Actin immunoblotting was performed as an internal control for equal loading. Blots shown are representative of three observations. b Confluent serum starved cells treated as described above were used to determine apoptosis. DNA fragmentation was measured using a colorimetric ELISA kit as described in methods. Values are means ? SE of triplicates. *p \ 0.05 compared with UT exposed to SA for 3 h and then treated with TNF/CPT increased the activation of JNK and showed robust activation of caspase-3 in control and DFMO ? PUT (DP) group (Fig. 2b) . Polyamine depleted cells treated in a similar manner had an increased basal activation of caspase-3, however, TNF/CPT-induced caspase-3 activation was less compared to the control and DP groups (Fig. 2b) and JNK activity actually decreased (Fig. 2a , last lane in each group). The higher MKP-1 and an early activation of MEK1/2 and ERK1/2 in polyamine-depleted cells might be responsible for preventing the further activation of JNK1/2 in response to TNF/CPT and, thereby, caspase-3 activity. These results suggest that MKP-1 regulates the levels of activated ERK, JNK, and p38 in a polyamine dependent manner, which influences apoptotic signaling in IEC-6 cells.
To delineate the role of MKP and MAPKs during apoptosis, we pretreated cells with SA for 3 h to inhibit MKP-1 followed by exposure to CPT for 3 h, and measured active caspases-3, -9 and DNA fragmentation (Fig. 3a) . Increased levels of phosphorylated ERK1/2, JNK1/2, and p38 in SA treated cells had little effect on the activation of caspases and DNA fragmentation in the absence of CPT (Fig. 3b) . However, higher levels of MAPKs pre-activated by SA significantly increased the activities of both caspases-9 and -3 ( Fig. 3a) and increased DNA fragmentation (twofold) compared to that seen with CPT (Fig. 3b) . A p38 specific inhibitor, SB203580, decreased the activation of both caspases-9 and -3 seen in response to TNF/CPT without altering the levels of MKP-1 (data not shown). These results suggest that MKP-1 activity regulates the proapoptotic JNK and p38 activities. The mechanism by which MKP-1 is regulated during apoptosis is unknown. Since MEK1/ERK1/2 pathway is important in the protection of polyamine depleted cells from apoptosis and since the MEK1 is reported to regulate MKP-1, serum starved cells preincubated with U0126, MEK1 inhibitor (30 min) followed by the addition of SA for 3 h were examined for MKP-1 expression. U0126 prevented the increase in ERK1/2 activity and MKP-1 expression in response to SA (Fig. 4) . The increased activity of JNK due to decreased levels of MKP-1 protein in the absence of MEK/ERK augments the CPT-induced apoptosis. U0126 prevented the CPT-induced increase in the levels of MKP-1 with concomitant increases in DNA fragmentation (Fig. 5a, b ) in a time dependent fashion, which was accompanied by increased activities of JNK1/2 and caspases-8, -9, and -3 (Fig. 5c ). a Confluent serum starved cells were left untreated (UT) or treated with SA for 3 h. One SA treated group of cells was washed with HBSS and exposed to CPT (20 lM) for 3 h. Whole cell extracts (25 lg) were subjected to 10 and 15 % SDS-PAGE followed by western blot analysis to detect MKP-1, and phosphorylated forms of JNK1/2, ERK1/2, p38 and MEK1/2 as well as active caspases-9 and -3. Actin immunoblotting was performed to show equal loading. Blots shown are representative of three observations. b Confluent serum starved cells treated as described above were used to determine DNA fragmentation as an index of apoptosis. Values are mean ± SE of triplicates. p \ 0.05 was considered significant. *p \ 0.05 compared with UT and SA. Confluent serum starved cells left untreated (UT) or pretreated with U0126 (10 lM) for 30 min. were exposed to 2 lM SA for 3 h. Whole cell extracts (25 lg) were subjected to 10 % SDS-PAGE followed by western blot analysis to detect MKP-1, total and phosphorylated forms of JNK1/2, ERK1/2, and p38 using specific antibodies. Actin immunoblotting was performed as an internal control for equal loading. Blots shown are representative of three observations Our previous results showing decreased activation of JNK1/2 and apoptosis in polyamine depleted cells, and that the inhibition of MEK1 augmented apoptosis by increasing JNK1/2 activity [11, 12, 26] suggest that polyamines might affect apoptosis by controlling MKP-1. Cells grown in control, DFMO and DFMO ? PUT (DP) exposed to TNF/CPT were analyzed for levels of MKP-1 protein and active ERK1/ 2, JNK1/2 and caspase-9. Cells grown in the presence of DFMO and exposed to TNF/CPT (3 h) had increased MKP-1 protein and decreased JNK1/2 and caspase-9 activities, which correlated with the decreased DNA fragmentation (Fig. 6) . Furthermore, restoration of MKP-1 levels and JNK1/2 activity to control values by addition of putrescine to the DFMO containing medium also indicates that polyamines regulate the activity of MKP-1. U0126 prevented TNF/CPTinduced MKP-1 expression and augmented JNK1/2 activation and significantly increased apoptosis as judged by DNA fragmentation in polyamine depleted cells (data not shown) similar to that seen in control cells (Fig. 5b) . These results clearly indicate that the MEK/ERK activity determines the levels of MKP-1 protein, and thereby, the activity of JNK and p38 kinases. Furthermore, cells treated with SA for 3 h to cause accumulation of MKP-1 were washed and further incubated with DMSO, U0126 or CHX for indicated time period were analyzed to determine the stability of MKP-1 protein (Fig. 7) . U0126 rapidly decreased the MKP-1 protein within 45 min compared to that seen in cells treated with SA for 3 h (0 min). CHX (inhibitor of protein synthesis) showed a robust reduction in the levels of MKP-1, which was greater than that seen in the presence of DMSO (Fig. 7) . These results demonstrate that MKP-1 levels are predominantly regulated by the activity of MEK/ERK.
MKP-1 association with JNK1/2 and PP2Ac
Serine/threonine phosphorylation of MKP-1 has been shown to regulate its activity and stability [27] . Western blot analysis (Figs. 1, 3 ) detected two bands suggesting that MKP-1 might be phosphorylated in response to apoptotic inducers. We have shown that inhibition of PP2A activity by OA augments ERK1/2 and prevents JNK1/2 activity, decreasing apoptosis [27] . Therefore, serine/threonine protein phosphatases (PP2A) might regulate the activity of MKP-1 and JNK1/2. We used Sepharose-conjugated microcystin (MC-Sepharose) to bind and pull down the catalytic subunit of PP2A (PP2Ac) and then detected the proteins associated with it. Input cell extracts from untreated (UT) and TNF/CPT groups and lysis buffer as a mock control (M) were used for MC-Sepharose pull-down and analyzed by western blotting to detect the levels of MKP-1, phospho-JNK1/2, phospho-ERK1/2, and PP2Ac. PUT (DP) containing media for 3 days followed by serum starvation for 24 h. Confluent monolayers were left untreated (UT) or treated with TNF/CPT for 3 h. Whole cell extracts (25 lg) were subjected to 10 or 15 % SDS-PAGE followed by western blot analysis for detection of MKP-1, total and phosphorylated JNK1/2 and ERK1/2, procaspase-9 and PP2A. Actin immunoblotting was performed as an internal control for equal loading. Blots shown are representative of three observations. b Confluent serum starved cells grown into control and DFMO media were treated as described above. DNA fragmentation was measured using a colorimetric ELISA kit as described in the methods.
Values are mean ± SE of triplicates.
# p \ 0.05 compared with respective UT groups Equal amounts of PP2Ac were bound to MC-Sepharose in the UT and TNF/CPT groups, and the levels of PP2Ac were unchanged in whole cell extract (input) (Fig. 8a) . TNF/CPT increased both the p-ERK1/2 and p-JNK1/2 dramatically, and that p-JNK1/2 and phospho-ERK2 were bound to PP2A only in these cells. However, the pattern of MKP-1 remained constant from input extract to samples bound to PP2Ac. These results suggest that MKP-1, phospho-JNK1/2, p-ERK2 and PP2Ac formed a complex in response to the apoptotic stimulus.
Although, we have established that MKP-1 dephosphorylates JNK1/2 and is associated with PP2Ac, we wanted to determine whether the enzymatic activity of these phosphatases is required for their interaction. Cell extracts identical to those in Fig. 8a (input) were preincubated with OA or SA for 30 min to inhibit the activities of PP2Ac and MKP-1 respectively and were used for pull down. Figure 8b shows that the amounts of MKP-1, phospho-ERK2 and phospho-JNK1/2 bound to PP2Ac were unchanged in extracts pretreated with OA. However, inhibition of MKP-1 by SA decreased the association of MKP-1 and, thereby, phospho-JNK1/2 with PP2Ac. The association of ERK2 was unaltered in OA or SA treated cell extracts. These results suggest that MKP-1 activity is necessary for the association of both the JNK and itself with PP2Ac.
Since MKP-1 is an inducible nuclear protein [16] [17] [18] [19] [20] [21] [22] [23] and is induced in response to CPT and TNF/CPT, we determined its localization in nuclear and cytoplasmic fractions by western blotting. MKP-1 was present in the nuclear fraction of both untreated and CPT treated cells, while inactivated MKP-1 (SA treated) was exclusively found in the cytoplasmic fraction (Fig. 9) . This finding suggests that inhibition of MKP-1 activity prevents its translocation to the nucleus. Immunolocalization also confirmed that both in the untreated and CPT treated cells, MKP-1 localized to the nucleus (Fig. 9b, left panel) . However, MKP-1 localized in the form of bright patches within nuclei of CPT treated cells exhibiting condensation of nuclei, a typical morphological feature of apoptotic cells (Fig. 9b, right panel) , suggesting its role in nuclear events associated with apoptosis. Furthermore, nuclear localization of MKP-1 in untreated cells also suggests its role in the regulation of MAPKs in the nucleus during proliferation.
Discussion
MAPKs are sub-grouped into growth factor-activated extracellular signal regulated kinases (ERK1/2) and stressactivated MAP kinases (SAPKs) c-Jun N-terminal kinase (JNK, SAPK1) and p38 (SAPK2) [28] [29] [30] [31] [32] . Together they are involved in various cellular functions, such as proliferation, differentiation, inflammation, and apoptosis [33] [34] [35] [36] [37] . Mitogen-activated protein kinase kinases (MEK) MEK1 and MEK4/7 activate ERK1/2 and JNK1/2 respectively. Protein-tyrosine phosphatases and dual specificity (threonine/tyrosine) protein phosphatases dephosphorylate the activated MAPKs and inactivate them [17, 18] . Thus, the activity of MEKs and protein phosphatases determines the signaling output of MAPKs. The dual specificity MAPK phosphatase, MKP-1, a nuclear inducible protein, dephosphorylates and inactivates MAP kinases and SAPK in vivo and in vitro [16] [17] [18] [19] [20] [21] [22] [23] [24] . Over expression of MKP-1 protected cells against apoptosis by inhibiting JNK activity [20, 38] . Thus the activities of MAP kinases are tightly regulated by MKP-1.
Over the years, we have shown that polyamine depletion inhibits proliferation [5, 6] , apoptosis [8, 11, 12, 26, 39, 40] and migration [4, 7] in intestinal epithelial cells. The resistance of polyamine-depleted cells to apoptotic agents is due to their inability to induce sustained JNK1/2 activity [26] . However, in response to apoptotic stimuli, ERK1/2 activation was observed earlier in polyamine-depleted cells and to a significantly greater extent than the activation of JNK1/2 and p38 [11] . Inhibition of MEK1 and, thereby, ERK1/2 sustained the activation of JNK1/2 and increased CPT-induced apoptosis in polyamine depleted cells. These results suggest that MEK1/ERK might regulate the intensity and duration of JNK1/2 activity required for the induction of apoptosis in the absence of polyamines. SiR-NA-mediated knockdown of MKP-1 increased the activities of JNK1/2 and p38, and apoptosis in response to TNF/ CPT [13] . Based on these findings, we hypothesized that a IEC-6 cells were grown as described in methods. Confluent serum starved cells were left untreated (UT) or exposed to TNF/CPT for 3 h and were washed with ice-cold dPBS and lysed using MPER containing protease inhibitors. Equal amounts of cell extracts (500 lg) were incubated with 50 ll microcystine-Sepharose (MCSepharose) for 2 h at 4°C followed by washing twice with MPER. Proteins bound to MC-Sepharose were eluted using SDS sample buffer and subjected to 10 % SDS-PAGE along with input cell extracts (25 lg) followed by western blot analysis to detect the levels of MKP-1, phosphorylated JNK1/2, phosphorylated ERK1/2, and PP2A. b Input extracts were preincubated with OA (100 nM) or SA (10 lM) for 30 min at room temperature followed by MC-Sepharose pull down as described above. Whole cell extracts (25 lg) and MCSepharose pull-down samples were subjected to 10 % SDS-PAGE followed by western blot analysis to detect MKP-1, phosphorylated JNK1/2, phosphorylated ERK1/2, and PP2A. Actin immunoblotting was performed as an internal control for equal loading. Blots shown are representative of three observations Nuclear and cytoplasmic localization of MKP-1. a Confluent serum starved cells left untreated (UT) or exposed to CPT or SA for 3 h were used to prepare nuclear, cytoplasmic and whole cell extracts as described in the methods. Cytoplasmic extracts (25 lg), nuclear extracts (15 lg), and whole cell extracts (25 lg) were subjected to 10 % SDS-PAGE followed by western blot analysis to detect MKP-1. Actin immunoblotting was performed as an internal control for equal loading. Blots shown are representative of three observations. b IEC-6 cells grown on poly-L-lysine-coated coverslips in control media for 3 days followed by serum starvation for 24 h were left untreated or treated with CPT for 3 h. Cells were fixed, permeabilized, and stained using MKP-1 specific primary antibody followed by an appropriate secondary antibody conjugated with fluorophore. Coverslips were mounted on glass slides and images were captured using CCD camera attachment with a Nikon microscope. Representative images from three experiments carried out in triplicate are shown polyamine depletion increases MKP-1 activity augmenting the dephosphorylation of JNK1/2 and p38, and, thereby, decreasing apoptosis. Our current results demonstrate that MKP-1 protein is undetectable in normal serum starved cells, and that apoptotic stimuli induce MKP-1 early (3 h) while it declines later (9 h) as apoptosis progressed and JNK1/2 activity increased (Fig. 1, 9 h CPT). These findings are consistent with earlier reports showing that MKP-1 was undetectable in quiescent cells, but that its expression increased in response to serum or growth factors [41] . Inhibition of MKP-1 activity by SA increased MEK1, ERK1/2, JNK1/2 and p38 in control cells suggesting that MKP-1 dephosphorylates and inactivates these MAPKs. However, in polyamine-depleted cells, SA had a stronger effect, and the activation of MAPKS occurred earlier compared to control cells (Fig. 2) . Restoration of MAPK activity to control levels by putrescine indicates that polyamines play a crucial role in maintaining the balance of MAPKs by regulating the activity of MKP-1. Although, the activation of MAPKs by SA had no direct effect on survival in the absence of CPT (Fig. 2) , prior activation of MAPKs significantly enhanced apoptosis (Fig. 2a, b, lane  4) .
There is strong evidence that ERKs regulate the levels of MKP-1 protein. Guo et al. [14] showed that nocodazol, a benzimidazole derivative, which rapidly depolymerizes microtubules increased ERK1/2 activity, MKP-1 expression and decreased TNF-induced p38 activity in Rat-1 cells. Brondello et al. [42] demonstrated that levels of MKP-1 and MKP-2 were increased by ERK1/2 and that the p42/p44 MAPK-dependent phosphorylation of MKP1/2 decreased its degradation. Inhibition of MEK1 by U0126 prevented the induction of MKP-1 by SA (Fig. 5) and CPT-induced MKP-1 expression and augmented JNK1/2 activity and apoptosis (Fig. 6) . SA induced MKP-1 protein decreased within 45 min exposure to U0126. However, the inhibition of protein synthesis by CHX decreased MKP-1 protein in a time dependent manner at a rate similar to that seen with DMSO (Fig. 7) . These results clearly demonstrate that MEK1 regulates MKP-1, controlling the phosphorylation of JNK1/2 and p38 during apoptosis.
Polyamine depleted cells exposed to TNF/CPT had increased MKP-1 and decreased JNK1/2 activity and apoptosis (Fig. 6 ). Decreased MKP-1 following the inhibition of ERK1/2 or MEK1 in polyamine-depleted cells significantly increased apoptosis (data not shown) indicating that MKP-1 is crucial for the survival of these cells. Furthermore, these results also indicate that the levels of activated MAPKs and MKP-1 protein are interdependent and maintain the strength and duration of apoptotic and survival signals. For example, both EGF and TNF-a transiently activate MAPKs in IEC-6 cells. Within 15 min, TNF-a increased ERK1/2 and JNK1/2 activities, which immediately returned to basal levels due to increased MKP-1 activity [13] . However, inhibition of MKP-1 in response to MEK1 prolonged the activation of JNK1/2 and p38 and enhanced apoptosis. In addition, the overexpression of MKP-1 has been shown to protect cells from apoptosis by inhibiting JNK1/2 [20, 31] .
Since MKP-1 dephosphorylates JNK1/2, we anticipated that MKP-1 would bind phospho-JNK1/2 in response to inducers of apoptosis. Furthermore, reduced SDS-polyacrylamide gel electrophoretic mobility of MKP-1 in response to CPT, TNF/CPT, and SA suggested that MKP-1 phosphorylation might be involved in the regulation of its levels and/or activity. Brondello et al. [42] showed that p44MAPK phosphorylated MKP-1 on serine residues S-359 and S-364, and both the phosphorylated and unphosphorylated forms hydrolyzed p-nitro-phenyl phosphate (pNPP) to a similar extent and also dephosphorylated p44MAPK suggesting the both were active [42] . Our finding that the inhibition of PP2A by OA increased ERK1/ 2 activity and prevented JNK activity and apoptosis [12] suggests that PP2A might play a role in the dephosphorylation of MAPKs by MKP-1. MC-Sepharose pull-down showed that MKP-1 and phosphorylated forms of both the ERK2 and JNK1/2 associate with PP2Ac during TNF/CPTinduced apoptosis (Fig. 8) . While the inhibition of PP2A activity by OA proved not to be essential for the association of these enzymes, inhibiting MKP-1 with SA prior to the pull down prevented its association with both PP2A and JNK1/2. These results suggest a mechanism whereby PP2A might dephosphorylate MKP-1 decreasing its stability and activity and thereby increasing the activities of MAPKs.
Although, MKP-1, a nuclear inducible protein, regulates apoptosis via JNK1/2 and p38, it is unclear whether MKP-1 regulates JNK1/2-mediated nuclear events or whether it translocates to the cytoplasm to dephosphorylate MAPKs. We have shown that the inactive form of MKP-1 (SA treated) remained in the cytoplasmic fraction, while it predominantly localized in the nuclear fraction in untreated and CPT treated cells (Fig. 9) . These data indicate that MKP-1 might shuttle between the cytoplasm and the nucleus, which is consistent with the availability of its substrates in both the compartments. Nuclear ERK1/2 and JNK1/2 regulate the activities of transcription factors and, thereby, cellular function, including proliferation and apoptosis depending upon the intracellular and extracellular environments [28] .
Previously we have shown that CPT significantly increases the levels of p53 and its phosphorylation during apoptosis [40] . Furthermore, TNF/CHX-induced JNK1/2 activity phosphorylates and inactivates Bcl-2, leading to cytochrome c release, caspase-9 activation, and apoptosis [26] . The current data indicate that ERK1/2 phosphorylates and stabilizes MKP-1 in control and polyamine depleted cells, leading to the dephosphorylation and inactivation of JNK and p38. This in turn inhibits the ability of these enzymes to stimulate apoptosis by modifying the activities of p53, Bax and Bcl-2.
